Introduction
Crystalline silicon (c-Si) solar cells have quickly developed over the past few decades because of the huge demand for clean energy.
1,2 One of the factors limiting the conversion efficiency of the solar cells is the spectral mismatch between the solar spectrum and the energy band gap of silicon. 1, 3 This results in the problems that the photons with energies lower than the band gap cannot be absorbed, and the higher-energy photons lose the excess of the energy in the cells through thermalization. A possible solution to the latter problem is to cut a higherenergy photon into two or more near-infrared (NIR) photons, which can still be absorbed by the cells.
4
A down-conversion process is considered to be a promising way to enhance the efficiency of solar cells because it provides the possibility of converting one higher-energy photon into two or more lower-energy photons. 5, 6 It has been reported that by this way, the maximum conversion efficiency of the c-Si solar cells could be greatly improved. 4 For this reason, downconversion materials have attracted signicant attention in recent years.
7-10
Rare earth (RE) phosphors have been considered as one of the potential candidates of down-conversion materials because RE ions have rich energy level structures, which allow efficient spectral conversion. The samples were cooled down to room temperature and were ground again. The excitation and emission spectra of the phosphors were obtained using Ocean Optics MAYA 2000PRO. Fluorescence lifetimes were measured using a FM-4P-TCSPC spectrouorometer (Horiba Jobin Yvon). All the measurements were carried out at room temperature.
Results and discussion 
25
The most desirable result, as shown in Fig. 1 To understand the energy transfer in detail, the efficiency of the energy transfers from Ce 3+ to other ions was calculated.
According to previous studies, 26,27 the energy transfer efficiency h ETE can be estimated using the following equation:
where s R0 is the uorescence lifetime of the donor (sensitizer) in the absence of acceptors (activators) and s R is the uorescence lifetime of the donor in the presence of acceptors. The uo-rescence lifetime can be obtained using the following equation: where I(t) represents the luminescence intensity at time t.
From the decay curves shown in Fig. 3 In principle, the amount of the energy transferred from Ce
3+
to Yb 3+ in the tri-doped phosphors should be close to that in Fig. 4 The decay curves of Ce 3+ emission at 560 nm for Ce 3+ singly doped and Ce 3+ -Bi 3+ co-doped YAG phosphors under an excitation of 455 nm. phosphors than in the co-doped phosphors. This is why the NIR emission from Yb 3+ in the tri-doped phosphors was stronger than that in the co-doped phosphors, as shown in Fig. 1 . Based on the abovementioned results, the possible energy transfer processes were analyzed, and the schematic energy level diagram is shown in Fig. 7 
